Abstract-The conceptual design for a Heavy Ion Beam Probe diagnostic for the TCV tokamak in Lausanne is presented. This technique will be used for electric potential measurements in the core plasma and for the determination of the magnetic potential. This combination is of crucial importance for the understanding of the physics of improved confinement in toroidal facilities.
INTRODUCTION
A Heavy Ion Beam Probe (HIBP) diagnostic has the potential of being able to perform measurements of several key plasma parameters in improved confinement regimes. Many of these are linked to strong sheared radial electric fields, the measurements of which, via the plasma potential, is a classical application ofthis diagnostic. Reversed or weak magnetic shear is usually a prerequisite for internal transport barrier formation. The shear profile is directly related to the poloidal magnetic field, which causes a toroidal displacement of both primary and secondary ions. The measurement of this displacement as a constraint for equilibrium reconstructions was demonstrated on TEXT [1] and is shown to provide a sensitive discrimination between normal and reversed shear profiles in TCV. Finally a HIBP can directly measure changes in the level and spectrum of low frequency turbulence associated with transitions to improved confinement regimes.
II. COMPARISON OF MSE WITH HIBP DIAGNOSTIC FOR

TCV
As is done with many tokamaks, profile reconstruction is routinely performed on TCV. While the LIUQE package [2] uses measurements from all available diagnostics which produce results obtained with a reasonable degree of confidence, vital information, in particular from the plasma core is missing. Both magnetic and electric field measurements require sophisticated diagnostic techniques. Two tools of this type which have been used with success in the past are available in the form of the motional Stark Effect (MSE) diagnostic or the heavy ion beam probe (HIBP). While the former allows to measure the q-profile, the electric field is obtained in an HIBP from the energy difference between the primary and the secondary ions. In both cases a beam of particles has to be injected into the plasma: neutral particles (H or D) in the MSE case and heavy ions of charge one for an HIBP. Optical detection is used in the first case: the information is contained in the polarization properties of the Stark shifted Ha or Da line. In an HIBP, on the other hand, particles are detected, namely those which lost a second electron in the interaction with the plasma electrons and followed a trajectory which guides them towards the detector. For a given magnetic field this is only the case for a precisely defined interaction region, the position of which is known from the calculated beam trajectories. Signal-to-noise considerations are a critical issue in the MSE case, whereas the intensity of the HIBP particle beam is large enough in most situations encountered in practice, with the possible exception of fast detection, i.e. for time resolution in the MHz range required for studies of low frequency turbulence.
On many tokamaks the neutral particle injector (NPI) required for the MSE is already available, either for plasma heating and fueling or for diagnostic purposes. The procurement cost of the equipment is drastically reduced in this case and provides a significant edge to this technique in comparison with a HIBP. This is also the case for TCV which is equipped with a diagnostic NPI. It has a limited power of 65 kW only and an injection angle which can only be varied over a rather small range. However, a detailed feasibility study [3] revealed, that the expected measurement precision was only marginal, at least if a reasonable time resolution of the order of 10 ms was requested. Based on this it was decided to cancel any further development of an MSE system for TCV and to develop a HIBP diagnostic instead.
III. THE PRINCIPLE OF A HIBP
A HIBP diagnostic is an effective method to measure the poloidal profile of the potential and thus that of the radial electric field in the core of the hot magnetized plasmas [4] . As the beam of energetic singly charged ions passes through the plasma, some of the beam ions will be further ionized, mainly by collisions with the electrons. The ionization takes place along the full path of the primary beam in the plasma. Because of their higher charge state, the secondary ions deviate from the primary beam and form a curved 2D sheet of ions leaving the plasma. The secondary ions entering the detector aperture originate from a small part of the primary beam in the plasma, called the sample volume, which has typical dimensions of 0.5-1.0 cm3. Because ionizing collisions with electrons do not significantly change the 1-4244-0150-X/06/$20.00 (C) IEEE energy of the heavy ions, the difference in energy of the secondary ions leaving the plasma and the primary ions is equal to the electric potential 0 at the sample volume. The intensity of the secondary beam reflects the electron density ne in the sample volume. The toroidal angular velocity of the secondary beam in the detector can be related to the poloidal flux at the sample volume. The schematic of this diagnostic is illustrated in Fig. (1) .
IV. OBJECTIVES OF THE PROJECT
The idea of the TCV HIBP project is to combine all the possibilities offered by this technique as a multipurpose diagnostics. In this way it can provide various contributions to the TCV scientific program. The main emphasis is on the plasma electric and magnetic potential measurements. With the measurement of the plasma electric potential and density (mean profile and fluctuations) a HIBP is able to contribute to the physical understanding of edge and internal transport barriers (ITB).
HIBP data have been used to support equilibrium reconstructions or to make inferences on magnetic fluctuations, based on the toroidal displacement of the secondaries, measured using detector arrays [5] . Measurements of magnetic potential or poloidal flux only based on the measurement of toroidal angular velocity have not yet been demonstrated on fusion devices. Although the basic principles of the measurement of the toroidal angular velocity component [6] or the toroidal coordinate [7] were elaborated some twenty years ago, only a few experiments have been reported [8] . Hence TCV is potentially in a pioneering position to develop an HIBP as a routine plasma current diagnostic.
A combination of fast acquisition with high spatial resolution is capable to describe the evolution of the plasma current distribution as a whole and also the formation of spatial structures expected with ITB formation.
The measurement of the poloidal flux in combination with the electric potential is suggested by both a conventional one channel electrostatic energy analyzer and a multiple cell (matrix) array detector MCAD which allows for the observation of a large area of the secondary beam fan. Toroidal oscillations reflect MHD oscillations. Amplification of the former at specific MHD frequencies is expected at rational surfaces with low mode numbers m and n. The structure of the rational surfaces is another independent characteristic of the poloidal flux.
Simultaneous measurements of the beam intensity fluctuations with the matrix detector can give correlation data for the electron density fluctuations and their radial and poloidal propagation.
V. CONCEPTUAL DESIGN TCV offers some significant challenges for the implementation of a HIBP. While the relatively low toroidal field makes it possible to operate with comparatively low beam energy, the limited number and shapes of access ports render the choice of a suitable geometry rather difficult.
Another challenge is the absence of an iron core. The time evolution of the current in the ohmic heating coil during the shot produces a significant poloidal field which causes toroidal beam deflection. To The magnetic field along the trajectory is obtained from the TCV database for typical discharges and the electrostatic field E is the one imposed by the plates of the beam guidance system. For each couple of plates the full Laplace equation is solved with a finite element method. Electrical fields smaller than 10-6 times the source value (a condition which is typically met at a distance comparable to the plate separation) are neglected.
Calculations were done with the following constraints and aims in mind:
* The existing geometry of TCV components such as the vessel, coils, ports and various obstructions. * Maximum plasma coverage in both vertical and horizontal direction, offering at least the capability of measuring a full radial profile. * The possibility to observe the plasma center for plasmas positioned at heights O<center<23cm. * Low voltages on the control plates closest to the plasma to avoid arcing. * The possibility to perform correlation measurements in purely radial or purely poloidal direction, rather than a combination of the two.
VI. THE CHOSEN PROBING SCHEME Based on the constraints outlined above, only two schemes looked feasible: beam injection through a bottom radial port and beam detection through the upper radial port of the same sector and injection through the manhole and detection through the middle radial port of the sector containing the manhole. For the first case the field would have to be reversed with respect to the standard mode of operation, which is not as such a major problem.
As far as total plasma coverage is concerned, the 2 schemes are almost equivalent. However, two even more important points in favour of the manhole-middle port arrangement were * a considerable advantage with respect to radial and/or poloidal correlation measurements, and * a greater sensitivity to q-profile variations in the plasma core. To test the potential for discriminating between different q-profiles, the plasma current distribution used for the orbit calculations was modified (with constant Ip), so as to correspond to a wide range of q profiles from a monotonic q profile to a strongly reversed q profile inside p=0.4. Fig. (2) shows the resulting toroidal displacement of the secondaries produced inside p =0.45 about 1 m away from the plasma center for 5 different q-profiles with 0.8<q(0)<2.5. There is no effect for secondaries outside p =0.5, where BP is unchanged. These result show that the technique can be very sensitive, since displacements of the order of 0.1mm should be measurable.
Detailed trajectory calculations for the chosen manholemiddle port scheme have been done by taking into account the configuration of the vacuum vessel and the plasma.
The plasma coverage for the reference case (plasma centered 24 cm above the midplane) is shown in Fig. (3) . It shows a beam energy and sweep angle scan.
VII. CRITICAL ISSUES: PLASMA FACING CONTROL PLATES
For the chosen probing scheme the first set of steering plates for the secondary beam will be located inside the port assembly (see figs. 1 and 3) and hence close to the plasma. Both plasma particles and plasma radiation will therefore hit the plates and eject electrons. This will lead to a current flowing between the plates. Since the electric field between the plates accelerates electrons, a breakdown can be induced by an avalanche effect. The exact nature of the effects is difficult to predict and is expected to be rather irreproducible. Since voltages up to 30kV will have to be applied to these plates, it was decided to install test control plates and experimentally investigate their performance during different types of TCV shots. The main results of these investigations are the following:
With one electrode on ground potential it was found to be much better to charge the other one negatively, rather than positively. Although done with different types of power supplies, which makes a direct comparison somewhat questionable, this conclusion is quite certain. As Fig. (4) shows a case where current flow and arc formation is observed. Up to almost the end of the pulse the voltage remains constant. However, the disruption which ends the plasma (see plasma current trace) induces an arc affecting the voltage too. The same is observed about 80ms earlier, possibly induced by a disruption precursor. An interesting feature is the correlation ofthe current spikes with the Ha signal shown in the bottom trace. However, this is outside the scope of these measurements and hence will not be discussed further.
These test experiments allowed us to determine the operational limits for the applied control voltage versus plasma parameters, mainly plasma current and density. The main encouraging result is that for the voltage required (25 kV), arc-free operation is possible for standard values of plasma current (400 kA) and density (3x1019 cm 3) on TCV. 
